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Abstract 
ISFET with built-in gold reference electrode and integrated readout circuits with frequency-adjustable 
pulse output is presented. Sensing membrane is surrounded by gold electrodes, treated as reference 
electrode and working electrode separately, can be as chemical or bio-molecule detection sensor. The 
ISFET is one of the input differential transistor pair of an operational amplifier in its readout circuit, 
which mainly consists of a voltage-to-current converter and a current-controlled oscillator. The output 
pulse frequency is linearly proportional to the effective gate voltage of the ISFET, which is immersed in 
the analyzed solution with a stably biasing reference electrode. A current-offset structure is added into the 
oscillator to shift the transfer characteristic line of the output frequency versus the effective input voltage. 
The transfer characteristics of the pulse frequency versus pH value are measured by an external Ag/AgCl 
reference electrode and a built-in gold reference electrode, respectively. 
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1. Introduction 
For several decades, much attention has been paid to silicon-based biosensors in the field of bio-analytical 
applications due to their favorable characteristics, such as sensitivity, speed, miniaturization, and low cost. Among 
these, the ion-sensitive field-effect transistor (ISFET) is one of the most popular electrical sensors and has been 
implemented as the miniaturized silicon-based chemical and biological sensors [1-5]. The ISFET is a modified metal 
oxide semiconductor field effect transistor (MOSFET) [1-2] which has no gate electrode so that the gate oxide is 
used as a sensing membrane. Except the traditional gate oxide, various sensing membrane materials such as Si3N4, 
Al2O5, which are deposited on the gate site, have also been used to enhance sensitivity [2]. When the ISFET is 
exposed to a chemical analyte, the variation in the ion concentration of the analyte is in turn measured as a change in 
the threshold voltage of the MOSFET [3-4] or a change in the effective gate voltage.  
A separate commercial macro silver/silver chloride reference electrode was usually used to provide those ISFET 
related devices a stable potential in the electrochemical measuring systems. It would restrict their convenience and 
applicability for electrochemical or biomedical ion sensing measurement [5]. In this study, the 0.35um CMOS 
BioMEMS post-process with gold (Au), developed by the national chip implementation center in Taiwan [4], was 
used to implement an extended-gate ISFET with its sensing membrane surrounded by on-chip Au metal rings. A 
readout circuit with pulse output is integrated with the ISFET structure. The transfer characteristics of pulse 
frequency versus pH value of the analyzed solution under the biasing of an external Ag/AgCl reference electrode and 
an on-chip Au electrode, respectively, were measured and analyzed. 
2. DEVICE PATTERN AND CIRCUIT DESIGN 
2.1. 2. Device Pattern  
Fig. 1 shows the chip photograph of the ISFET device with 2 type layout and the integrated readout circuit.  Type 
(a) Au electrodes are on two outer octagonal rings; Type (b) Au electrodes are on outer octagonal ring and inner 
octagonal electrode. The Au metal is made by a post-process metallization on the original top Al metal, which is 
deposited by the standard CMOS 0.35um process. Take type (a) as example: the central octagonal region with a 
diameter of 250 um acts as a sensing membrane which material is mainly native alumina (Al2O3) on the surface of 
the octagonal top Al metal. The spacing between any two neighboring octagonal metal patterns is 150 um and the 
widths of inner and outer Au rings are 54 um and 34 um, respectively. The central octagonal Al metal is 
interconnected to a standard MOSFET and hence acts as an extended-gate ISFET. Urease can be coated on the inner 
Au ring and hence the ISFET device structure with on-chip Au rings can act as a urea sensor with a built-in Au 
reference electrode. In this study, we focus on the application of the ISFET on pH-value sensor with an external and 
a built-in reference electrode. For the case of the built-in reference electrode, two Au rings are connected together. 
Under the fixed bias voltage of a reference electrode, which is dipped into the analyzed solution with the sensing 
chip, the floating gate of the ISFET really has an effective gate voltage VG,sen. The VG,sen is related to the 
concentration of H+  ion, which absorbs on the native alumina film [5]. The relationship between the VG,sen and pH 
value of the solution usually shows a good linearity [6].ġ
 
 
 
(a)                                                             (b) 
Fig. 1: Chip photograph of the ISFET associated with its readout circuit, where gold electrode is: Type (a) in two outer octagonal rings; Type (b) 
in outer octagonal ring and inner octagonal electrode. 
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2.2. Circuit Design 
Fig. 2 shows the circuit schematic of the readout circuit with pulse output. It consists of a voltage-to-current 
converter and a current-controlled oscillator. The ISFET is one of input differential transistor pair of the operational 
amplifier (OPA) in the V-I convertor. The OPA is a two-stage amplifier with frequency compensation. The first 
stage is a differential amplifier with a pMOSFET input differential pair and an nMOSFET current-mirror load. The 
second stage is common-source amplifier. The OPA has a simulated gain of 88.3dB with a phase margin of 65.3º.  
The voltage-to-current converter mainly consists of the OPA, MN3 and R1, as shown in the Fig. 2. The current-
control oscillator is composed of two comparators, an SR-latch, two inverters, and a current-source circuit. The 
current-source circuit consists of the aforementioned voltage-to-current converter and a current mirror. The 
converted current, i.e. VG,SEN/R1, is mirrored to the following current-controlled oscillator and controls the charging 
speed of the capacitors C1 and C2. With the faster discharging speed, .i.e. larger width of MN1 and MN2, the 
interchanging speed, i.e. oscillation period, is mainly controlled by the charging current converted from the VG,SEN 
of the ISFET. That is to say that the pulse oscillation frequency is dependent on the pH value because of the VG,SEN 
of the ISFET depends linearly on the pH value in the solution. The waveform of output pulses is symmetrical 
theoretically. An added voltage-to-current converter is used to adjust the charging current of the oscillator, which is 
really Isen-Ioffset. That is to say that the converted current from the ISFET is offset by the added current, which is 
controlled by the bias voltage Voffset, and hence the transfer characteristic line of the output frequency against the pH 
value of the analyzed solution can be shifted by the offset current. The OPA in the added voltage-to-current has a 
simulated gain of 93.8 dB with a phase margin of 57.2º. In general, the transfer characteristics drift due to process 
variation. By the current-offset mechanism, the output frequencies can be adjusted to the proper range. 
 
 
 
 
 
 
 
 
 
Figure 2.  Circuit schematic of the readout circuit with pulse output. 
3. MEASUREMENTS AND DISCUSSIONS  
The measurements are continuously executed and the pH value of the solution is changed per seven minutes. The 
sustained time is long enough to obtain the relatively stable VG,SEN and pulse frequency. The output pulse frequency 
of every pH-value measurement is an average value for the duration of the last one minute. Fig. 3 shows the 
measured transfer characteristics of pulse frequency versus pH value under the biasing of an external Ag/AgCl 
reference electrode. The reference voltage is 1.4V. The linear regression lines are shown in Fig. 3. The sensitivity is 
-2.2 kHz/pH or so with linearity of 99% at least. Fig, 4 shows the measured transfer characteristics of pulse 
frequency versus pH value under the biasing of an external Ag/AgCl reference electrode and a built-in Au reference 
electrode, respectively. 
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ġġFigure 3. Measured transfer characteristics of pulse frequency  ġġFigure 4.  Measured transfer characteristics of pulse 
ġġġġġġġġġġġġġġġversus pH value under the biasing of an external Ag/AgCl ġġġġġġġġġġġġġġġġġfrequency versus pH value under the different biasing      
ġġġġġġġġġġġġġġġand a built-in Au reference electrodes, respectively.    conditions of a built-in Au reference electrode. 
Table 1. Performance Comparison Table of different build-in Gold reference electrode and commercial external reference electrode in this study. 
Type electrode shape Condition I 
 
Condition II 
(a) Two outer octagonal 
rings 
 
 
Vos_2.55_Vref_1.6 
-2.456Hz/pH 
99.84% 
Vos_2.4_Vref_1.75 
-2.622kHz/pH 
99.93% 
(b) Outer octagonal ring and 
inner octagonal electrode 
 
 
Vos_2.55_Vref_1.63 
-2.964kHz/pH 
99.39% 
Vos_2.4_Vref_1.78 
-3.049kHz/pH 
99.68% 
 
Commercial 
Ag/AgCl 
Reference 
electrode 
External Ag/AgCl 
Reference electrode 
Vos_2.55_Vref_1.4 
-2.24 kHz/pH 
99.85% 
Vos_2.45_Vref_1.4 
-2.25 kHz/pH 
99.18% 
4. CONCLUSIONS  
An extended-gate ISFET with a built-in Au reference electrode is designed by using 0.35um CMOS BioMEMS 
post-process with gold (Au), which is a modified TSMC 0.35um CMOS process. Two Au rings are connected by 
bonding wires and acted as a reference electrodes, and surround along the sensing membrane. Here, we focus on the 
comparison of the transfer characteristics of the pH-value sensor under the biasing of an external Ag/AgCl reference 
electrode and a built-in Au reference electrode, respectively.  
A readout circuit with pulse output is integrated with the ISFET. The readout circuit mainly consists of a voltage-
to-current converter and a current-control oscillator. The ISFET is one of the input differential transistor pair in the 
voltage-to-current converter. An added offset subcircuit is used to adjust the frequency range of the transfer 
characteristics. This make the bias voltage of reference electrode able to be fixed but the output frequency range is 
adjustable by using an offset bias voltage in order to facilitate the data processing by the following processing circuit.  
In the future, the external Au ring will act as a reference electrode and the inner Au ring will act as an 
electropolymerized electrode for urease. The whole device structure will become a urea sensor.  
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